Introduction
The electrocardiographic devices designed to perform diagnostics use 6 electrodes connected on the chest, 3 electrodes on the Einthoven triangle and another one as neutral reference. These electrodes are connected to a stage of conditioning and amplification which allow the detection of signals in the bandwidth from 0.05 to 150 Hz. This is in agreement with the AHA (American Heart Association) to diagnose adolescents and adults [1, 2] , and with the frequency spectrum of the ECG [3] . Other researchers suggest a bandwidth 0.01 to 100 Hz [4] . These devices are also composed of a cardiac leads selector and a mean for display the electrocardiograms.
Currently are observed several researches about new portables devices to the monitoring of the cardiac beats using smartphones or PC assisted with one or more means of data transmission [5] [6] [7] . These kind of interfaces are USB [8] , Blue Tooth modules [9] , Wi-fi [10] or Zigbee [11] . Other devices possesses a small size and low power consumption [12, 13] . Nevertheless, some of these alternatives which work in situ or remotely to obtain the twelve cardiac leads use more than one stage of amplification. This fact increases the cost and volume of the devices. Furthermore, in the last works is not sufficiently explained the stage of selection for the cardiac leads, neither the electrocardiograms presented are compared with others measured simultaneously using a trademark device, in order to qualitatively contrast their working.
In agreement with the AHA, in order to make a more accurate diagnosis of heart function is necessary to measure their activity in a horizontal and vertical plane. Regarding the dipolar-electric approximation to model the heart [14] , the electrodes are distributed following different equipotential lines and only 10 electrodes are needed to obtain 12 cardiac leads. Therefore, by analyzing the sense (up or down) of the QRS complex in the derivations D1 and AVF is obtained the quadrant of the axial orientation θ of the cardiac axis. Similarly, analyzing the sense in the precordial V2 we can obtain the sign of the azimuthal orientation φ. The cardiac axis is very important because their variations are related with many cardiac diseases [15] . By analyzing the rate r between the amplitudes R and S from the base line (iso-electric line), is possible to approximate the calculus of θ and φ. For example: if in D1 is observed r = 1, the corresponding angle is θ = 90° with the X axis, therefore the values r = 1.5 and 0.5 corresponds with θ = 45° and 135°. The sign of θ depends of the sense of R in AVF [15] .
Recently our research group has performed a low cost device to convert a bipolar cardiac lead into an audible signal (AM modulated), this signal is transmitted in FM by a transmitter/receiver pair, to be stored trough the audio input of a PC [16] . Although analog transmission could be thought as outdated and has to bear with transmission impairments (Attenuation, Distortion and Noise) as well as the digital transmission does, it flaunts quite a useful characteristic unlike its most modern digital counterpart, the analog transmission inherently bypasses the critical issue of data packet frames losses due to conversion-transmission delays and bottlenecks in the communication protocols which is of utmost importance for the trusty representation of the received signal [17, 18] . For this reason the aim of this work is to extend the working of this device by performing the instrumentation to wirelessly obtain the 12 cardiac leads for diagnostic or telemedicine purposes. Moreover, all the measurements are obtained simultaneously with our prototype and a trademark device, which satisfies the standard of the Association for the Advancement of Medical Instrumentation (AAMI). In order to evaluate the working of our new system and their ability to be used in vectorcardiography. Furthermore the device shall require a low cost for their construction using only one stage of conditioning and amplification.
As the measurement of the cardiac leads is carried out differentially, there are two voltage poles V+ and V-, where the first one is more positive with respect to a same neutral reference (connected at the right leg of the patient). Both poles feed an instrumentation operational amplifier.
The Table 1 [15, 16, 19, 20] summarizes the procedure to interconnect the electrodes in order to obtain poles of the 12 cardiac leads using an electronic selector. The notation is: left arm (LA); right arm (RA); left leg (LL); right leg (RL); 
Materials and methods

Remote selector of the 12 cardiac leads
The cardiac leads selector is performed using an array of 4 analogs multiplexers (HEF4067B) and it is detailed in the Fig. 1 . In the bottom the electrodes are connected to the multiplexers (following the notation of Table 1 ) whereas on the right side are observed the digital inputs A, B, C, D; also, the output voltage V+ y V-for each cardiac derivation. This kind of multiplexers are characterized for the selection of the 16 possible analog inputs (AI), using a combination of values ABCD. They have a very low total harmonic distortion (THD) and the capability of switching electric current in the range of μA at high speed. Our selector just needs 4 digital inputs in total, which feed at the same time all the multiplexers in order to obtain the pair of voltage poles of any chosen cardiac lead. The Table 2 shows the relationship between the cardiac leads and the digital values ABCD for each multiplexer, also the connections of the electrodes with their analog inputs. This selector is able of generate all the combinations detailed in Table 1 .
On the other hand, the values ABCD are obtained using a dual tone decoder, which is designed to decode audible tones of dual frequency (DTMF) HT9170B/D. When this chip receives a dual tone it allows four digital outputs, which could be connected directly to the selector. In the Fig.  2 is shown the diagram of the DTMF, and the Table 3 show the frequencies which compound a tone and their corresponding digital outputs, for each digit employed. The DTMF of Table 3 , are superimposed sine waves and correspond to the sound heard when the digit of some telephonic devices is pressed. For instance: when a sinusoidal pulse composed of 697 Hz and 1209 Hz signal is received (corresponding to the digit 1), their correct decoding allow us the 4 digital values 0001, which, in accord with Table 2 correspond to the D2 lead. In our design, the tones corresponding to each digit are generated from a computer via the audio output, with maximum amplitude of 300 mV. This switching interface can operate in full wired way, nevertheless it is very easy to adapt to the digital outputs of a microcontroller to other applications. However, since the goal is to work wirelessly, the tones are transmitted using an FM audio-transmitter (ideal for microphone). To demodulate the FM signal, the tone must be amplified up to a value close to 1 V, therefore the FM receiver is connected to a non-inverting amplification stage using an operational amplifier with gain G = 11, in order to feed the DTMF and avoid decoding errors.
In summary, the procedure for remotely selection of a cardiac lead is the following: at first, from the PC audio output, the dual tone are generated and transmitted as FM, the receiver output is amplified and introduced to the DTMF which generate the four digital signals to feed the lead selector, where the two poles that feed the amplifier are obtained, the output is then modulated in amplitude and transmitted by a second FM transmitter, to then be acquired through the audio card and digitally demodulated on a PC.
Heart signal amplifier and conditioner
A schematic diagram of the full system is shown in the Fig. 3(A) , where it can see the electrodes on the patient and connected to the selector, which feeds the instrumentation amplifier, connected to the AM modulator and then to the (FM2) transmitter. Also the DTMF connected to the multiplexer and to the receiver of the (FM1) transmitter are displayed. In the same way, it can be observed the audio card output of a laptop connected to the FM1 to transmit the tone, and the FM2 receiver connected to the audio card input, where the AM signals are demodulated. While the Fig. 3(B) shows the corresponding block diagram. To avoid potential interference, care should be taken that the FM1 modulation frequency is not an integer multiple of FM2. The amplification consists of six stages built with mostly inexpensive electronic components. As shown in Fig. 4 , the first stage is used to increase the CMRR of the instrumentation amplifier and is connected to the right leg of the patient, then is used an AD620 instrumentation amplifier with gain given by eq. (1).
which is feedback to the reference input by means of an operational amplifier on integrating configuration, with this step, the base line signal is stabilized, since it has a high pass filter behavior. Then there is a non-inverting amplifier stage with gain given by eq. (2).
followed by a rejection stage for the 60 Hz frequency and an active four order butterwort type low pass filter with gain G3 = 4; and finally a last non-inverting amplification with a gain G4 = 2, plus the option to regulating the DC level to take control of the voltage levels that will be modulated in amplitude. Except for the feedback stage, rejection of 60 Hz and stabilization of the baseline stage, all other steps are explained in [16] . With this amplifier and selector it is achieved: A bandwidth of 0.034 to 150 Hz with a signal/noise ratio about to 40 dB, total gain Gt = 195.62, input impedance of 1 GΩ (according to the datasheet for the AD620), common mode rejection CMRR close to 100 dB since all the used amplifiers have a CMRR of about 110 dB, restoration time for base line minor than 3 s and adjustable DC level. Prior to the differential amplification stage, each electrode are connected to a voltage follower using an operational amplifier for the correct coupling of the electrodes and the subsequent circuits (See dotted line in Fig. 4) . At the output of each follower a 47 kΩ resistor are connected to decrease any potential leakage currents and clipping diodes that discharge overvoltage to the power supply. The leakage currents sensed between terminals (lead-lead) and between terminals and ground (lead-ground) are less than 10 μA (in good agreement with [20, 21] ). Additionally, to avoid exposing patients to possible variations of the line voltage, the device is powered by a 12v battery connected to a regulating circuit for a dual voltage output of ± 5 V.
In the graphs of Fig. 5 , are displayed two curves experimentally determined (T1 y T2). The one of a Fukuda Denshi Cardimax FX-1201 electrocardiograph used as reference pattern (T1) and the signal obtained from our new device (T2), respectively. In this experiment the curves are obtained using a function generator Stanford Research mod. DS335 and an oscilloscope Tektronix DPO7104. It is observed that the curve obtained with the reference device T1 has a minimum cutoff frequency 0.05 Hz followed by a rejection of the 60 Hz band with an attenuation of -30 dB and a maximum cutoff frequency of 100 Hz. Whereas T2 has a minimum cutoff frequency of 0.034 Hz, then a rejection to the 60 Hz frequency of -19 dB and a maximum cutoff frequency of 150 Hz. Our observations indicate that increasing the attenuation of the 60 Hz signal with the notch filter lead to a reduction of components of the signals which may be important for a possible diagnostic, for instance: between the range of 30 a 40 Hz [3] . It is also noted that for T1 the attenuation is higher than in T2 for frequencies between 80 Hz and 100 Hz. Even so frequencies between 100 Hz and 110 Hz have a slightly higher intensity than all other (around 0.8dB), due to the established gain in the lowpass and to its transfer function [22] .
Amplitude modulator of the cardiac leads
To the AM modulation an integrated circuit of the family MC1496BPG specially designed this purpose is employed. This circuit provides a lower total harmonic distortion (THD) than the modulation method based on a simple arrangement of differential transistors as used in [16] , while the 2 kHz carrier signal is generated with a double integrator arrangement based on an operational amplifier as in [16] . The Fig. 6 shows the electronic circuit diagram of the modulator. Once the amplitude is modulated, 
Demodulation of the amplitude modulated leads
For the signals demodulation, the National Instruments demodulation toolkit is used. As the cardiac signals of each person may vary in amplitude, moreover the amplitudes of the precordial signals are usually greater than the bipolar leads in the same subject, then the modulation factor of each measure lead changes considerably which could cause changes to the original signal, if is not properly demodulated. However, in this work a coherent type AM digital demodulation is used, which takes the carrier signal as an input parameter and it is independent of the modulation factor, as is described in below.
Initially the envelope signal m(t) becomes the signal described in eq. (3).
where C is a constant that depends on the amplitude of the carrier signal. Multiplying the eq. (3) by cos(wt) and using the trigonometric identity cos 
Subsequently, to recover the m(t) signal, the y(t) signal is filtered using a band-pass filter tuned to the frequency w, in order to remove the DC component and higher frequencies than the carrier signal. Finally the result is multiplied by 2. Figure 7 . Graphs of the 12 modulated leads using a commercial ecg simulator. Source: Own After all the design, simulation and assembly work of the electronic device, the execution stage of experiments began, in order to test the ability of detection and acquisition using a commercial ecg signal simulator. In the Fig. 7 is show a typical measurement of the 12-lead amplitude-modulated. By analyzing the graphs, are evidenced higher modulation factors in the precordial leads. In these measurements the maximum THD observed oscillates around 4%, this is due to nonlinear behavior of the semiconductor components of the transmission/reception of signals system. However, the demodulated signals shows THD values lowers than 1% due to the lowpass filter of high order implicit in the digital demodulate method.
Measurements and discussion
Measurements of 12 leads modulated
Measurements with volunteers
Thereafter, measurements of 12 cardiac leads (intervals of 3 seconds per lead) are obtained from a group of 12 volunteers with no history of heart disease, as follows: the electrodes are connected to our device and simultaneously to the inputs of the electrocardiograph of reference ECGref. The signals of ECGref are acquired of wired manner from a laptop over a distance of 10 m, using an analog acquisition interface USB-6805 from National Instruments, with 5 kS/s of sampling frequency and a shielded USB cable. While the same cardiac lead is modulated in AM and transmitted by Figure 8 . Graphs of the demodulated 12 leads of a volunteer (gray line) and those obtained simultaneously with the reference device (black line). Source: Own FM2 (trademark ROMMS mod. MC-100), to the audio input of the same computer. The data are acquired with sampling frequency of 50 kS/s, in order to demodulate, store and graph them in real time; on a same graphical interface developed in LabView environment. Each lead is selected wirelessly from the same distance (10 m) using the FM1 transmitter (trademark steren, mod. Mic-280).
In the Fig. 8 is shown the measurements of the 12 leads of the same volunteer, using both devices. Plotting the measured signals by the two methods is generally observed a shift in the amplitude and time. This observed displacement in the amplitudes can be explained by the different DC levels (offset) found in the signals. Furthermore the horizontal shift is due to the period to the acquisition, digitization, demodulation and sampling. Moreover, in Fig. 9 are displayed the ECG signals of D1 acquired with both devices, they are shown overlapped deliberately, in order to visibly compare the measurements more clearly. As can be observed the shape of the undulations, intervals and segments which compound the signals are maintained. This fact is very important because the iso-electric lines and amplitudes using both devices must be conserved, in order to carry out a correct determination of θ and φ. Nevertheless, a further analysis is also necessary. 
Quantitative comparison between both devices
Actually there are several investigations [15, [24] [25] [26] [27] , which employee different alternatives to the comparison of two signals. They are based in the direct measurement of the parameters of cardiology, or by calculating those parameters using signal processing based on Wavelets.
For this purpose, initially we have done a subroutine in the Labview acquisition program to set the base lines (offset) at the same level and subtract the time shifting between them, in order to start at the same point. Likewise the acquired signals through the USB-6508 card are interpolated to match the number of samples acquired via the audio input. In this way are evaluated the absolute relative deviations (ARD) between the two signals point to point, following the definition of the eq. (5). In the graph of the Fig. 10(A) it can see the typical values of ARD of the volunteer 12 leads, whereas the Fig.  10(B) shows the typical values of ARD of the V2 lead, where are displayed the deviations to the amplitudes of the complex P, QRS and T. After a careful analysis of the ARD values in the leads of each volunteer, it is observed that the largest differences occur in the peak values of the QRS (mainly those associated with the amplitudes of the R and S), becoming more evident in leads of higher amplitude as V2, V4 and V5 and reaching differences up to 15 %.
To determine the differences between the lengths L of the main intervals or segments of both kind of signals, the graph of D1 was analyzed in Origin 6.0 (the leads D1 or D2 are normally used for the reference device) of each volunteers, using the peak detection tool (peak detection). Next, the average value of the ARD is calculated following eq. (6) and the percentage values obtained are shown in the second row of Table 4 . The same criterion is employed to determine the AARD values of the undulations P, Q, R, S and T, in the lead D2 as is shown in the last row of Table 4 . 
These ARD and AARD values experimentally found in the interval and segments of the signals, may be due to small variatios of the carrier AM signal, wereas the AARD values of the amplitudes are due to the differences in the frequency response of both devices, as shown in Fig. 5 . Indeed, analyzing the AARD values of Ramp. and Samp. of the Table 4 and regarding that the cardiac axis is related with the ratio of the amplitudes r = R/S, the maximum expected error of cardiac axis orientation (eq. (7)) could be close to 20 %. This finding shows the importance of comparing all the alternatives of electrocardiographic devices, against a pattern device, for example [5] [6] [7] [8] [9] [10] [11] [12] [13] 
Conclusions
In this work is presented in detail a low cost viable alternative PC assisted to determine 12-lead electrocardiograms (one by one), using a single stage of amplification and filtering, to conduct studies of vectorcardiography. The leads can be selected and stored using the audio input and output of a computer respectively; and a pair of inexpensive audio transmitter/receiver devices.
Using an AM modulator with audible carrier, each lead becomes an audio signal, and could be transmitted through the microphone input of an economic mobile phone device. In the same way, using the telephone keypad and headphone output the desired cardiac lead can be selected. Nevertheless the module of analog transmission/reception can be easily replaced by a modern digital transmission system, in order to obtain the twelve cardiac leads through a peripheral port, like USB or COM.
We have developed an alternative to the selection of cardiac leads using an arrangement of commercial analog multiplexers, which can be controlled wired or wirelessly from the audio output of a PC, using dual frequency tones and a tone decoder. However, the selector can be used to easily switch between cardiac leads via digital outputs from another device such as: a parallel port, a microcontroller, a digital signal transmitter zigbee or manually using a 4-digit keypad. So that, many devices reported for evaluation the vertical plane of the heart, could be extended by adapting this selector in order to perform studies of vectorcardiography and the criterions of eq. (7) to evaluate the viability of the devices could be used.
The system can be reproduced by an approximate cost of US$90 and exhibits a good performance according to the trademark pattern device, which meets the international standards for electrocardiography. Therefore it shown to be a viable tool to measure cardiac bio-electric potential, for telemedicine applications [28] , research in biomedical engineering or in teaching activities. Due to their low cost, the device represents a suitable tool to be used in developing countries, similar to [29] .
